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Receiver  Noise  Due  to  R/V 
Plasma  Sheath  Turbulence 


1.  INTRODUCTION 


In  some  reentry  applications,  it  is  important  to  know  the  noise  power  which 
will  be  introduced  into  an  antenna  by  the  turbulent  plasma  surrounding  the  vehicle. 
In  this  report  we  will  calculate  the  noise  power  backscattered  into  an  antenna  by 
an  underdense.  turbulent  plasma.  The  starting  point  for  this  calculation  is  the 
transport  equation  for  the  radiative  intensity  derived  by  Watson  (1969,  1970). 

This  is 

p.  7  [I(x.p»  +^-)m  "  /dfl’  [M(p,p')J  [I(x,p')J  •  (1) 

The  term  (I)  is  a  column  matrix  with  four  components,  as  defined  in  Eq.  (29)  of 
Watson  (1970),  and  the  components  I,(x,  p)di?  represent  the  radiant  energy  per  unit 

A  J  " 

area  travelling  in  the  direction  p  within  the  element  of  solid  angle  dQ,  with  the 
appropriate  polarization  properties.  The  term  is  the  mean  free  path  for 
collisional  absorption,  is  the  mean  free  path  for  turbulent  scatter,  and  f  M  ]  is  a 
4x4  matrix  with  components  given  in  Table  II  of  the  paper  by  Watson  (1970). 
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2.  THEORETICAL  CONSIDERATIONS 

To  study  Eq.  (1)  further,  it  is  convenient  to  separate  [I]  into  an  unscattered 
portion  [I°],  and  a  scattered  component  [I8].  We  then  have,  from  Eq  (1) 

7(I°J +(i^4^)(I°]  =0  (?) 

p-V  [I8]  +(^+^)lI8J  *  /dn'fMJfl0]  +  /dn'[M](I8]  .  (31 

Now  if  we  consider  backscatter  from  a  layer  of  thickness  L  «f  t<  the  component 
1 8  '<  1°  and  the  second  term  on  the  right-hand  side  of  Eq.  (3)  can  be  neglected  in 
comparison  with  the  first.  For  the  reentry  sheath  around  many  vehicles  this  ap¬ 
proximation  is  usually  valid.  A  tabulation  of  1 1  as  a  function  of  the  turbulent  cor¬ 
relation  length,  a,  and  the  relative  fluctuation,  6up/u ,  in  the  plasma  frequency. 
Up,  is  given  in  Table  1,  for  an  X-band  transmitter  frequency.  Since  the  plasma 
sheath  thickness  is  generally  of  order  10  cm,  it  is  clear  from  Table  1  that  is 
generally  much  greater  than  the  sheath  thickness,  so  that  [Is]  satisfies 

P*  V[I8]  +  |  (I8)  a  /dn'[M]  (i°j  (4) 

where  l/f  »  l/la  +  l/*t . 


Table  1.  Turbulent  Mean  Free  Path  for  X-band  (9.  6  GHz) 


a  *  0.  25  cm 

a  *  0. 79  cm 

a  *  5  cm 

( 

ft(cm) 

«up/u 

lt(cm) 

6u  /w 

P 

<t(cm) 

6  u/u 

P 

S.08X108 

0.01 

9.4X107 

0.01 

1.  12  vlO7 

0.01 

6.08X104 

0.  1 

9.4  X103 

0.  1 

1.  12  x  103 

0.  1 

97 

0.5 

15 

0.5 

1 0 

0.2 
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To  apply  Eq.  (4)  to  the  reentry  problem,  we  assume  that  the  surface  of  the 
rad:  ting  antenna  lies  in  the  *  *  0  plane,  and  that  the  antenna  is  covered  by  a 
homogeneous  turbulent  plasma  layer  extending  from  z  «  0  to  z  =  L.  We  also 
assume  that  the  unscattered  intensity  is  a  very  narrow  angle  beam  which  can  be 
approximated  for  z  <  f  t  by 


[I°(x,p)J  «  [l(z*0,  r  )]  e"2^*  6  a  a 

“  l  ‘iP 


where  r  is  the  coordinate  transverse  to  the  z-axis  and  z  is  a  unit  vector  along  the 
z-axis.  Upon  using  Eq.  (5)  in  Eq.  (4).  we  obtain 


<P-V)(I8)  +  7  [Ia]  «  [Mfc.z)]  [Ifo.r  )]  e'2^  . 


Equation  (6)  mey  be  solved  by  Fourier  transforms.  I)  we  write 


d  ,  *>  o  *  ik*  r  A 

[Is]  •  ff  --1  [F(z,k, p  )J 

••00 


we  obtain  for  [F] 


arFi  a  a  a 

?$P-+  ®(F]  -  — (M(p.z)J  f  I  CO.  k>) 


where  p  ■  cos  6,  0  is  the  angle  between  p  and  the  z  axis  as  shown  in  Figure  1,  and 
1(0,  k)  is  the  Fourier  transform  of  1(0,  r^).  Also 

i  A 

1  £,pi 

«  ,  -i  .  i - L  , 

n 

Equation  (8)  is  readily  solved  for  F.  The  result  is,  for  -1  <  p  <  0 


[F(z, k,p)J  -  -  [M(p,£)J  [1(0,  k)] 


In  deriving  Eq.  (9)  we  have  used  the  fact  that  F(z  *  L)  is  zero  for  -1  <  n  <  0,  since 
there  can  be  no  scattered  radiation  at  z  =  L  in  the  backward  hemisphere. 
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Nov*  let  us  suppose  that  tnere  is  a  receiving  aperture  in  the  *  *  0  plane  with  a 
response  Air^).  Then  the  power  received  by  this  aperture  is 

tPrec!  *  <2,)2  /°  I  *-l  df.  d*  / d2k  A(k)[F(0.k,MM  (10) 

where  A  is  the  Fourier  transform  of  A(r  i>.  and  *  is  the  azimuthal  angle  as  shown 
in  Figure  1.  To  evaluate  Eq.  <10)  we  assume  for  mathematical  simplicity  that 

(I'O.r^J  [P0]  «*P (  ’  “g^"  ) 

Mr  J  *  exp  (  -  *r2  /S  Q) 
so  that 

(1(0. HI  «  (2»)"2(P0)  exp  (-  SkZ/4») 

A(k)  -  (2»r2  S  0  exp  (-SDk2/4»)  . 


(14 
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Now.  for  an  exponential  correlation  function  it  can  be  ahown  that 
(M]  *og(#,)[M0] 
where 

V»'  ■  [(,♦*)*:*]• 

8*r2  <  in2>a3 

A  i  I. . Q  i  V  i— i.  — 

(l  +  .g/w2) 


(18) 


(19) 


and  r  is  the  classical  electron  radius,  v  is  the  electron-neutral  collision  fre- 
o  c  2v 

quency,  X  is  the  signal  wavelength,  u  is  the  radian  signal  frequency,  and 

is  the  mean-square  electron  density  fluctuation.  We  note  that  for  the  exponential 

correlation  function  we  obtain  for  1^,  from  Eq.  (13a)  of  Watson  (1970): 


r  B  B(l+f)  'j 

B  +  2(l+|)ln  (l+B) -— jjg—  |  . 


Finally,  for  the  matrix  [MQ]  we  have 


fM0J 


p2  cos2  # 

jj2  sin2# 

2 

M  sin  <i>  cos# 

0 

sin2# 

cos2# 

4-ain2# 

id 

0 

2u  sin#  cos# 

V  sin  2# 

V  cos  2# 

0 

y 

0 

0 

H 

(21) 


If  Eqs.  (18),  (19)  and  (21)  are  substituted  into  Eq.  (17)  and  the  ^  integration  per¬ 
formed,  we  obtain 
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M2  H2  0  0 


(PrecJ  “tR  /  M*»9  0»>TM*gto> 


110  0 


0  0  0  0 


0  0  0  2m 


The  reader  will  now  recall  from  the  Watson  (1970)  paper  that  in  the  Stokes  para¬ 
meter  representation  employed,  a  linearly  polarized  incident  wave  has  components 
1  2  3  4 

P_  *  P. _ ,  but  P  ■  P  «  P  ■  0.  Therefore,  if  we  assume  the  incident  field  is 

o  inc  ooo 

linearly  polarized  along  the  x-axis  we  have  from  Eq.  (22) 


»Rpinc  /  i  Md^QMTMOgfc) 


If  the  receiving  antenna  is  not  polarization  sensitive,  the  total  received  power  will 

1  2 

be  the  sum  of  the  powers  in  each  of  the  two  polarizations;  that  is,  P^^„  =  P__+P..  . 

rec  rec  rec 

which  gives 


P  .0  „ 

«  *R  /  |m|  d/iQ(M)T(n)  a>)(lV) 

rinc  -1  8 


Before  evaluating  Eq.  (24), it  is  convenient  to  substitute  Eq.  119)  for  a^.  After  sub¬ 
stituting  for  A  in  terms  of  t  ^  from  Eq,  (20)  and  replacing  u  by  -p,,  we  obtain; 


A  f 1  udMQ(u)T(u)(l+u2) 

0  [(>*!)♦  f»]2 


where 
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»o-H[i4-^{-B+2,l+l)I“<1+B>-^r-}]  • 

3.  NUMERICAL  RESULTS 

The  integral  In  Eq.  (25)  must  be  evaluated  numerically.  Let  us  suppose  that 

n 

6u  /u  =  0. 1,  S  =  S  *  *A  / 4  where  X.  =  signal  wavelength,  vju  =  0.  0,  and  that 
p  o  c 

the  signal  frequency  is  9. 6  GHz.  Values  of  Prec/Pinc  *re  presented  in  Table  2 
for  L  =  100  cm,  and  in  Table  3  for  L  *  5  cm.  We  note  from  Table  3  that  for  cor¬ 
relation  lengths  of  the  order  1  cm,  which  is  often  estimated  ts  the  correlation 
length  in  reentry  plasmas,  the  received  turbulent  noise  is  abnvt  50  dB  below  the 
transmitted  signal.  Therefore,  the  turbulent  noise  will  generally  not  present  any 
obstacle  to  the  operation  of  a  one-way  communication  system.  For  two-way 
systems,  however,  such  as  a  terminal  guidance  radar*,  it  is  clear  from  our 
results  that  the  noise  generated  by  the  plasma  turbulence  can  be  an  important 
systems  consideration.  We  have  not  attempted  to  do  a  full  systems  study  at  this 
time,  but  such  a  study  is  readily  performed  by  using  Eq.  (25)  with  the  appropriate 
systems  parameters. 


Table  2.  Values  of  Received  X-band  Power  When 
6Up/u  «  0. 1,  L  *  100  cm  vju  *  0 


a  (cm) 

P  /P 
rec'  inc 

0.25 

3.  24  x  10"5 

0.79 

1. 15  x  10’5 

5 

3.50X  10‘7 

I 


*  For  such  applications,  the  receiving  and  transmitting  antennas  will 
generally  not  be  colocatec),  as  has  been  assumed  here.  If  the  receiving  and  trans¬ 
mitting  antennas  are  separated  by  a  distance  r0>  we  must  replace  Eq.  (12)  by 

A(ri)  =  exp  [  -  "(r^-r^/E  Q] 
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Table  3.  Values  of  Received  X-band  Power  When 

6u/u  «  0. 1,  L  ■  5  cm,  and  vju  *  0 

p  c 
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